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Abstract
Based on the examples of filled cellulous and the high filled polymer it was shown that mechanical behavior of polymeric 
materials depends substantially on the loading rate or the strain rate. The change of mechanical characteristics of filled cellulous 
with increasing of the strain rate in the interval from 7·10-6 to 700 s-1 is related to the change of dominating mechanisms of the 
resistance to deformation and fracture of material. The transition from viscous failure to brittle fracture is occurred at increasing 
of strain rate to several hundreds of inversed seconds. The criterion of the long-time resistance of polymeric materials was 
suggested. This criterion was based on the evaluation of the damage of the material. The damage increment was defined as the 
relation of the strain energy increment to value of the fracture energy at appropriate rate of deformation. The experimental 
verification of this criterion was carried out for the investigated materials as at tension so at complex stress state by the results of 
the tests with stepwise change of strain rate. The comparison of suggested criterion with well-known deformational 
criterion was carried out on the base of obtained experimental data It was shown that suggested criterion can be used for 
evaluation of time to fracture of polymeric materials at complex programs of loading with changing of strain rate in wide range. 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the Norwegian University of Science and Technology (NTNU), Department of 
Structural Engineering. 
Keywords: Polymeric materials, deformation, strain rate, damage, time to fracture, criteria. 
* Corresponding author. Tel.:+7-495-939-1372; fax:+7-495-939-5308. 
E-mail address: yuzezin@gmail.com 
© 2014 Elsevier Ltd. Open access under CC BY-NC-ND license. 
Selection and peer-review under responsibility of the Norwegian University of Science and Technology (NTNU), Department 
of Structural Engineering
1657 Yu.P. Zezin /  Procedia Materials Science  3 ( 2014 )  1656 – 1662 
Introduction.
        
The polymeric materials are often subjected to complex loadings so that the strain rate can change in a range of 
several decades from very slow at the creep to very fast at dynamic loading. For adequate evaluation of the 
durability the parts of constructions from polymeric materials it is necessary to take into account the rheonomous 
type of mechanical behavior of these materials and in particular the dependence of mechanical characteristics on the 
strain rate. As it was noted Word and Sweeney (2013) increasing of the strain rate caused the increasing of strength 
and nonmonotonic change of the ultimate deformation. At high strain rates the fast change of many characteristics is 
occurred with increasing the loading velocity. Similar behavior is caused by the change of dominance mechanisms 
of the resistance of material to mechanical loading. In this work, the effect of the strain rate on mechanical 
properties at the tension of filled cellulous (FC) was investigated in range from 7·10-6 to 700 s-1. The transition from 
viscous failure to brittle fracture at the increasing of the strain rate was discussed. The criterion of the long-term 
strength of polymeric materials was suggested. The experimental verification of suggested criteria for two polymeric 
materials at the tension and at the complex stress state was carried out. 
 
1. Experiment.   
       Two materials were tasted to investigate the effects of the strain rate on mechanical behavior of the filled 
polymers. The first one was a filled cellulous (FC) containing about 15% of technical carbon as a reinforcement. 
This material was tested at the tension in wide range of the strain rate. The samples of FC in the form of flat dog-
bone were cut from the sheet with the thickness about 2 mm with use of figured knife. The size of working part of 
the sample was 40x7.5 mm for static tests and 12x4.5 mm for dynamic tests. The tests at slow strain rate were 
carried out by the use of the standard test equipment. The tests at high strain rate were carried out using of the 
rotational impact testing machine, Zezin et al. (1985). The series of tests was carried out with notched specimens of 
FC. The edge notches were made by the razor blade. The depth of the notch was measured by the optical 
microscopy of the fracture surfaces after testing of the specimens. The results of these tests were used to determine 
critical size of inherent flow of FC.  
 The high-filled polymeric material (HFPM) was tested at the complex stress state with different intensity 
strain rate. HFPM is the polymeric composite on the base of a synthetic rubber. The dispersed oxides of calcium and 
of magnesium were acted as the reinforcements in this material. The fillers content of composite constituted about 
70% by the volume of the material. The complex stress state of HFPM was applied during loading of the specimens 
in the form of hollow cylinders by the tensile force and the torque. The external diameter of the specimens was 24 
mm, the wall thickness was 4 mm the length of the working part was 70 mm. All tests were carried out using the 
special equipment for testing of polymeric materials at the complex stress state with proportional loading in wide 
range of the strain rate intensity: from 0.02 s-1 to 2 s-1, Zezin et al. (1988). All tests were carried out at the room 
temperature of 20oC. The force of tension, the torque, the increment of the specimen length and the angle of torsion 
were measured during tests as a function of time. 
 
2. Viscous-brittle transition at fracture of FC. 
    The stress-strain curves for FC were obtained at different values of the strain rate in investigated range. These 
curves were used to determine the mechanical characteristics of FC: strength, ultimate strain  and energy of fracture. 
The additional tests of the notched specimens enabled us to determine the critical size of inherent flows (lC). 
          Three stress-strain curves of  FC at different values of the strain rate are presented in figure 1 (left). From 
these data we can see that ultimate proprties of FC dependent essentially on the loading rate. Moreover, it is 
evidence that the ultimate strain changes nonmonotoniously  with increasing of  the strain rate in investigated range. 
It is possible to see more detail the rate dependencies of ultimate properties of FC on fig. 1 (right). We can see that 
all three characteristics increase slowly with increasing of the strain rate to the level 10 s-1. The fast changes of the 
strength are obtained with further increasing of the strain rate. The ultimate strain and the fracture energy decrease 
quickly with increasing of the strain rate in the range from 10 to 700 s-1.  
       It was suggested that the changes of mechanical behavior of the FC with the variation of the strain rate are 
determined by the change of the dominant mechanisms of the material resistance to the deformation and to the 
fracture.   At slow loading  (with value of the strain rate 7·10-6 s-1)  the change of conformational state   of polymeric 
chances and the damage accumulation are the main mechanisms of the material deformation. Rebuilding of 
conformational state passes very slow at this rate of loading. The damage accumulation takes more importance 
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Fig.1 Left - the stress-strain curves of FC at different values of the strain rate ( ε ): A - ε = 7·10-6 s-1; B –0.047 s-1; C 
– 695 s-1; right - the dependencies of ultimate properties of FC on the strain rate ε . 
 
meaning. The accumulation and the development of damages forestall the processes of orientation of polymeric 
chances. As a result the failure of specimen is occurred earlier than viscoelastic deformation will develop 
completely. The ultimate strain is relatively small in this case - about 8%. At moderate value of the strain rate (0.047 
s-1) the main mechanism of the deformation associates with the change of the conformational state of polymeric 
chains, with the orientation of macromolecules and with the stress relaxation. The loading of a material is 
accompanied by the large viscoelastic deformation. The ultimate strain at this rate of deformation exceeds ultimate 
strain at slow strain rate more than three times. At high strain rates the material deforms as elastic body. The 
characteristic time of the loading is substantially smaller than the time of conformational transitions in this case. At 
these conditions, the inherent flows of the material in the form of the microcracks, the microvoids and the impurities 
are the great importance. The material strength is determined by the most dangerous of the inherent flaws. These 
defects are the regions of formation of the microcracks, which were developed in accordance with the laws of the 
fracture mechanics at following loading so that the material breaks as brittle one. In this way, the transition from 
viscous failure to brittle fracture is occurred at the increasing of the strain rate to some critical values. The 
conditions of this transition are determined not only by the strain rate but also by the size of the defects (inherent 
flaws) of the material structure.  
       The concept of the inherent flaw was used early to analyze the durability of the part of construction from 
polymeric materials. As an example Truss (1982) used this concept for evaluation of the long-term strength of the 
pipes from unplasticized polyvinylchloride for the water supply systems. Using of the methods of the optical and 
electronic microscopy it was shown that considered material had the inherent flaws with the sizes from 200 mkm to 
1 mm. For the following analyses the constant size of inherent flaw (0.5 mm) was taken. This size of the flow was 
accepted for calculation of the stress intensity factor under set load with consequent following prediction of the 
crack growth kinetic.The effective method of experimental evaluation of the critical size of the flaw-crack lC was 
offered Barry (1969). This method is based on the analyses of the tensile strength of the flat specimens with the edge 
notches. For critical size of inherent flaw the author took such critical depth of the edge notch exceeding which was 
leading to decreasing of the strength material. It was obtained that lC equals 0.05 mm for polymethylmethacrilate  
and about 1 mm for polystyrene. This method was applied for evaluation of critical size of the inherent flaw of FC. 
The values of  lC  were obtained as a result of the tensile tests of flat specimens with the edge notches with different 
depth in investigated ranges of the loading rate. The example of the determination of  lC for slow rate of the 
deformation  0.047 s-1  is presented in Fig. 2 (left) and as well also for high strain rate 280 s-1  in Fig. 2(right). The 
dependences of strength of the notched specimen, ıc on the depth of the edge notch l are shown in these pictures, 
where ıc is the strength of material calculated on the reduced section of the specimen. At slow strain rate it can be 
clearly seen that increasing of the notch depth to more than 4.3 mm only causes to decrease of the strength of the 
specimens. At fast loading (Fig. 2 right) the critical size of inherent flaw was obtained by extrapolation of 
experimental data in logarithmic coordinates on the value of strength equal to 44.2 MPa. The critical size of inherent 
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flaw was equaled only 0.45 mm. As a result the experimental values of critical size of inherent flaw of FC decrease 
fast with increasing of the strain rate in the investigated range. 
 
 
Fig.2. The experimental determination of critical size of inherent flaw at small value of  rate ε = 0,047 s-1 (left) and 
at high value ε =280 s-1 (right). Ŷ- experiment; ----- linear approximation. 
 
3. Influence of the strain rate on mechanical properties HFPM.  
 
The rheonomous nature of mechanical behavior of HFPM is determined not only viscoelastic properties of 
polymeric matrix but also by deformation and failure adhesion bonds on the polymer-filler boundary. In this article 
the dependence of mechanical behavior of HFPM on the strain rate was investigated at proportional deformation of 
specimens in form hollow cylinder at tension with torsion. The dependencies of the stress intensity on the strain 
intensity of HFPM at different values of the intensity of the strain rates are shown in fig. 3. The diagram A was 
obtained at value of the intensity of the strain rates 0.023 s-1, the diagram B – at 0.2 s-1 and the diagram C–at 1.94 s-1. 
It was tested 5 specimens at lesser rate of deformation. The mean value of the strength of HFPM was equaled 0.56 
MPa. The strength was determined as a maximum of the stress intensity in the test. The mean value of the ultimate 
strain (it was determined as a maximum of the strain intensity in the test) was equaled 0.453. The strain energy was 
defined as the area of the figure under the stress-strain diagram. The mean value of the fracture energy was equaled 
1.95·105 J/m3 in these tests. It was tested 4 specimens at the strain rate 0.2 s-1 and 7 specimens at the strain rate 1.94 
s-1. The next values of mechanical characteristics of HFPM were obtained at these strain rates. The strength is 
equaled 0,621 and 0,753 MPa accordingly. The mean square deviations of these values of strength are equaled 0,023 
and 0,028 MPa. The mean values of the ultimate deformation was equaled 0,495 ɢ 0,59 at the mean square  
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Fig. 3. The experimental dependences stress intensity-strain intensity for HFPM at different values of intensity of 
the strain rates: A – 0,023 s-1; B- 0,2 s-1;  C – 1,94 s-1  
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deviations 0,022 ɢ 0,025. The mean values of  the fracture energy were equaled 2,213 J/m3  and 3,37 105 J/m3  at the 
mean square deviations  2,25·104 J/m3 and 2,45 104 
J/m3  accordingly. In fig. 4 the experimental dependences of ultimate strain (left) and the fracture energy (right) of 
HFPM on the intensity of the strain rates are presented. It is clear from these data that the mechanical characteristics 
of HFPM increase monotonously with increasing of the strain rate in investigated range. At increasing of the strain 
rate intensity in two decimal orders the strength and ultimate strain grow on 30% and the fracture energy – on 70%.  
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Fig. 4. The experimental dependences of ultimate strain (left) and the fracture energy (right) on the intensity of the 
strain rates for HFPM. 
 
       It is apparently from the presented experimental data that mechanical behavior of the investigated materials has 
rheonomous nature – mechanical characteristics of its depend essentially on the strain rate. Direct using of ultimate 
characteristics as a criterion to evaluate of fracture conditions of polymeric parts can lead to significant errors. On 
the other side it is necessary to use such criterions that take into account the rheonomous character of resistance of 
polymeric materials to mechanical loading. 
 
4. Criterion of long-time strength of polymeric materials 
 
       The one of principal problems at the evaluation of workability of the parts of structures from rheonomous 
materials is evaluation of the time to fracture. The fracture criteria based on the kinetic approach is used for decision 
of this problem. In this case the fracture is considered as irreversible process of the inherent flaw accumulation 
during mechanical loading. In the frame of this approach it is suggested that there is positive function of time, (t)ϖ
that is named the damage. It is assumed that 0ϖ =  for the unloaded material and 1ϖ =  at the moment of 
fracture. Rabotnov (1969) suggested some kinetic equation to description the evolution of the damage during 
deformation of the material. These equations relate the damage to the stresses and the strains in material. In specific 
cases the increment of the damage is determined by some universal function of the stresses or the deformations at 
formulation of the fracture criteria. Beily (1940) obtained the well known criterion of the linear summation of 
damage when this universal function was determined as the dependence of the time to fracture on the stress at the 
creep. Following this approach we adopt the universal function in the form of the experimental dependence of the 
fracture energy on the strain rate. In this case, the damage increment is determined as a relation of the increment of 
the strain energy to the fracture energy at corresponding value of the strain rate intensity:  
id dU(t) / W[ (t)]ϖ = ε ,                         (1) 
where - dU(t) - it is the increment of the strain energy at the moment of a time t ; iW[ (t)]ε  - it is the dependence 
of the fracture energy of the material on the strain rate intensity iε   at the time point t . The integration of (1) in the 
time limits from 0 to the time of the fracture  *t  provides the criterion of the fracture in the form: 
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*t
i0
dU( ) 1
W[ ( )]
τ
=
ε τ³                                         (2) 
As a result obtained criterion takes directly into account the influence of the strain rate on the ultimate properties of 
polymeric materials. 
The series of the experiments were conducted to verify of the applicability of criterion (2) for evaluation of the 
durability of the polymeric parts of the structures at the complex loading programs that assume the change of the 
strain rate in the range of some decimal orders. These experiments were run as at the tension of the specimen of FC, 
so at the complex stress state of the HFPM. The most part of experiments was carried out with the stepwise program 
of the change of the strain rate or the strain rate intensity. 
       We compared the estimated values of the damage in the fracture moments with results of calculation of these 
values of the damage by using of the deformational criterion of the long-time fracture, see e.g. Mahutov (1981) 
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where *[ ( )]iε ε τ  is the experimental dependence of the ultimate strain on the strain rate. This criterion was 
obtained by using the universal function in the form of the dependence of the ultimate strain on the strain rate at 
determining of the damage increment. 
In the fig. 5 (left) the example of the stress-strain diagram of the test FM with the two-step program of the 
strain rate change is shown. During this test the strain rate was about 8 s-1 at the first steps and 6 ⋅ 10-4 s-1 at the 
second one. 
The ultimate value of the damage in this test was calculated with using of equation (3) and consisted 0.96. In total 7 
similar tests was carried out at the different proportions of time of loading material with these strain rates. In 
accordance with criterion (2) the average value of accumulated damage at time of fracture equaled 1.07 with the 
root-mean-square deviation 0.072. Criterion (3) gives us the average value of accumulated damage 0,9 at the root-
mean-square deviation 0.133. 
The following verification of criteria (2) and (3) was based on the results of the tests of FC with four steps program 
in which the strain rate was varied in the range from 6 ⋅ 10-6 to 10-2 s-1. The run of the tests with similar programs of 
loading give us the average value of accumulated damage at time to fracture 0.95 by energy criterion (2) and 1.19 by 
deformational criterion (3). The mean square root deviations of critical values of the damage were equaled 0.07 and 
0.1 correspondingly.  In addition to that the largest deviation from 1 of the calculated critical values of damage was 
equaled 13% by using equation (2) and 29.7% by criterion (3). 
The series of the tests of the specimens of HFPM were carried out for the verification of criteria (2) and (3) at the 
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Fig. 5. The experimental stress-strain diagrams at the two-step program of the strain rate change. Left – the 
results of the two-step loading of FC: 1ε  = 8 s-1, 2ε  = 6 ⋅ 10-4 s-1. Right - 1iε  = 0.023 s-1, 2iε  = 1.94 s-1. 
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complex stress state with different intensity of the strain rate . During these experiments the specimens of HFPM in 
the form of the hollow cylinders were loaded by the proportionally changed tensile force and torque. The series of 
the tests were performed at the two-step program of changing the strain rate intensity. In these tests the specimens 
were loaded some time with the slow strain rate intensity 0.023 s-1 to the specified level of the deformation, iε . After 
that, the additional loading of specimen was followed with grater rate of strain 1.94 s-1 to the fracture moment. The 
example of the dependence of the stress intensity on the strain intensity is shown in Fig. 5 (right). The sharp kink of 
the diagram at the change of the strain rate was cased the stress relaxation during the strain rate switching. The series 
of the same tests were carried out for different combinations of the strain rate and the step duration. The evaluations 
of critical damage were calculated for every test by using of considered criteria. The narrow values of the damage at 
the moment of fracture were obtained by using both criteria: 0.93- by using deformational criterion and 0.95 by 
using the energy criterion. 
 
            Summary.
The experimental dependences of mechanical characteristics on the strain rate were obtained for two polymeric 
materials at tension and at the complex stress state. It was shown that the transition from viscous failure to brittle 
fracture is possible at high values of the strain rate. The significant changes of mechanical properties take place in 
the transition range of the strain rate. The criterion of the long-time strength was proposed for the evaluation of the 
durability of the structure parts made from polymeric materials. This criterion allows us to take into account the 
revealed dependence of the mechanical properties of material on the strain rate. The experimental verification of 
suggested criterion was carried out at the tension and at the complex stress state by performing the tests with the 
stepwise change of the strain rate at the loading. The results of verification compared with data that was obtained by 
using of deformational criterion of the fracture. It was shown that suggested criterion permits to get faithful values 
of the time to fracture of polymeric materials at the loading regime with changing of the strain rate within many 
decimal orders. Moreover the energy criterion enables us to predict more exactly the time to fracture of polymeric 
materials by comparison with deformational criterion. 
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